D espite radical treatment of the primary tumor, close to 50% of patients with choroidal and ciliary body melanoma die from metastatic disease. 1 Accurate prediction of prognosis is therefore important in relation to patient counseling and planning of follow-up. Intensified follow-up for early detection of metastatic disease in high-risk patients could allow for lifesustaining treatment options such as liver resection. 2 Clinical, pathologic, and genetic factors are continually evaluated to identify patients with a high metastatic potential. Increasing tumor size has been shown to be one of the most important clinical characteristics. 3 Tumor staging by the American Joint Committee on Cancer (AJCC) 4 evaluates tumor size along with other clinical features to identify a poor prognosis, including involvement of the ciliary body, extrascleral growth, and tumor dissemination at diagnosis. The AJCC staging system (7th edition) has proved to be a good predictor of survival in patients with posterior uveal melanoma. 5, 6 A poor prognosis is also associated with specific genetic markers such as acquired loss of chromosome 3, gain of chromosome 8, and to some extent loss of chromosome 1p. [7] [8] [9] [10] Loss of chromosome 6q has also been associated with poor survival, 9 while gain of chromosome 6p seems to predict a favorable prognosis. 11, 12 Genetic mutations in uveal melanoma-related genes such as BAP1, GNAQ, GNA11, SF3B1, and EIF1AX have recently been identified and shown to provide additional prognostic accuracy. 13 The assessment of genetic status by gene expression profiling (GEP) divides tumors into two groups representing a low risk (class 1) and a high risk (class 2) of metastatic disease. 14, 15 It has been proposed that GEP could be used to predict prognosis without the evaluation of clinical parameters. 14 The aim of this study was to evaluate the individual and combined prognostic effect of clinical tumor characteristics captured in the AJCC staging system (7th edition) and genetic status determined as the presence or absence of abnormalities in chromosomes 3 and 8 in a consecutive cohort of patients with choroidal and ciliary body melanoma.
METHODS
All patients from the eastern part of Denmark who were treated for ciliary and choroidal melanoma in the period from January 1, 2009 to December 31, 2012 were included in the study. All 153 patients were treated and followed by the Ocular Tumor Division at the Copenhagen University Hospital. Approximately 65% of all posterior uveal melanoma cases in Denmark are managed at this national referral center. The study group represents a crude estimated incidence rate of 1.03 per 100,000 person-years (the population of the catchment area is approximately 3,700,000).
Tumor tissue was obtained in 148 patients by a transvitreal retinochoroidal (TVRC) biopsy as described previously. 16 The diagnosis of ciliary and choroidal melanoma was confirmed by histopathologic examination of the specimen. The biopsy was sent for genetic testing in 146 cases. Biopsy was declined by the patient in three cases and omitted due to poor visibility in two patients (one due to a dense cataract and one due to the tumor). The diagnosis of these five patients was confirmed with histopathologic examination after enucleation in three cases and relied on clinical examination, ultrasonography Bscan, and magnetic resonance imaging (MRI) in two cases. The design of the study was a single-center consecutive retrospective cohort study, and registration with an International Committee of Medical Journal Editors clinical trial database was therefore not needed. The Regional Research Ethical Committee in Copenhagen waived the need for approval of this retrospective study. The study was conducted in accordance with the tenets of the Declaration of Helsinki. All patients were offered biopsy for genetic testing and were informed of known and potential risks. Oral informed consent was obtained from all patients prior to treatment.
Fluorescence in situ hybridization (FISH) analysis was carried out using a telomeric probe for chromosome 1p (Vysis TelVysion 1p) and centromeric probes for chromosome 3 (CEP3 D3Z1), 6 (CEP6 D6Z1), and 8 (CEP8) (all probes from Abbott Molecular, Inc., Des Plaines, IL, USA; www. abbottmolecular.com [in the public domain]). The analysis was performed in accordance with the manufacturer's recommended procedures. At least 100 cells from each specimen were evaluated when possible, and abnormalities were reported when more than 10% of the cells showed cytogenetic changes. A cutoff of 5% would have classified an additional four patients as having an abnormal chromosomal status. None of the four patients had developed metastatic disease by the study endpoint.
Supplementary multiplex ligation-dependent probe amplification (MLPA) analysis (SALSA MLPA P027 Uveal melanoma; MRC-Holland, Amsterdam, The Netherlands) was performed on samples from all patients treated in 2012 and retrospectively in patients with available tumor tissue from snap frozen biopsies 2009 to 2011. In cases of disagreement between FISH and MLPA results, the greatest aberration from disomy was registered. The chromosomal abnormalities were either loss, gain, or both loss and gain of a whole or partial chromosome. Tumor stages were classified in accordance with the AJCC tumor node metastasis (TNM) classification scheme. 4 Patient charts were reviewed, and information on survival, AJCC stage, and genetic status of chromosomes 1, 3, 6, and 8 was collected and entered into a database (Microsoft access 2010; Microsoft, Redmond, WA, USA).
Data sampling was performed on October 1, 2014, thus allowing for a minimum of 21 months of follow-up. Only one patient was lost to follow-up, due to emigration. All patients were offered a physical examination, liver function tests, chest X-ray, and liver ultrasonography at 3, 6, 12, 18, 24, 30, 36, 48, 60, 84, and 120 months post treatment. If metastases were suspected, an MRI or computer tomography (CT) scan was performed. If this was positive, additional positron emission tomography (PET)-CT was performed. A liver biopsy was taken for immunohistochemical and histopathologic examination if the metastatic spread was limited to the liver. Otherwise a biopsy from the most accessible site was done. Our center was notified directly when a patient died. Physical examination notes concerning the patient's final illness and any laboratory procedures or diagnostic tests were evaluated. Descriptions of pathologic specimens from metastatic melanoma or other metastatic malignancies were collected from the Danish National Pathology Registry, which is a database containing detailed nationwide records of all pathology specimens analyzed in Denmark since 1997.
Statistical analyses included the following procedures. Descriptive statistics were reported as mean and standard deviation when normally distributed and as median, range, and interquartile range when the data were skewed. Kaplan-Meier survival curves were computed for chromosomal status and AJCC staging separately and compared by log-rank test and logrank test for trend for ordinal variables. A combination of genetic status and AJCC staging was furthermore illustrated with cumulative incidence curves of melanoma-related death, which accounted for death by other causes as a competing risk. The relation between chromosomal status and AJCC stage was evaluated with the v 2 test. Only AJCC stages I to III were included in the analysis due to the limited number of patients in AJCC stage IV (two patients).
The relative risks for uveal melanoma by genetic status and AJCC staging were estimated using Cox regression models of the events of death by censoring for end of follow-up or loss to follow-up, whichever came first. Death by other causes was censored as well in the evaluation of disease-specific survival. We used time from treatment for uveal melanoma as the time scale and conducted both unadjusted and adjusted analyses. Stage IV was not included, since the two patients in this category had already developed metastatic disease. Furthermore, in the adjusted analysis we accounted for age and sex. Age was included as a continuous variable and tested for linearity using higher-order polynomials. Age was only borderline significant in the multivariate Cox regression analysis and thus was not included in the final model.
Violation of the proportional hazard assumption was tested for all covariates using the test based on weighed residuals proposed by Grambsch et al. 17 Effect estimates were reported as hazard ratios with 95% confidence intervals. All statistical tests were two-sided and based on the likelihood ratio test. A significance level of 5% was applied. The statistical software packages SAS 9.3 (SAS Institute, Inc., Cary, NC, USA), R, 18 and Sigmaplot 12.5 (Systat Software, Inc., San Jose, CA, USA) were used for all analyses.
RESULTS
A total of 153 patients were followed through the observation period or until death (44 patients, 29%). Causes of death included metastatic spread of posterior uveal melanoma in 30 patients (68%), metastatic spread of other synchronous cancers in seven patients (16%), and other causes in seven patients (16%). Metastatic spread of uveal melanoma was confirmed by histopathologic examination of liver biopsy in 27 of the 30 cases. The diagnosis of synchronous cancers was confirmed by histopathologic examination in all cases, and metastatic spread was confirmed by histopathologic examination in six cases. In the seventh case, the clinical and radiological findings were indicative of metastatic breast cancer as a cause of death; however, no biopsy was obtained from the multiple metastatic Identical test results between the two methods were found in 79.6% for chromosome 3 and in only 67.2% for chromosome 8. If the tests distinguished only between normal and abnormal chromosomal status, these fractions increased to 84.4% and 76.6%, respectively. In 7.8% of cases a partial loss of chromosome 3 was missed by the centromeric FISH probe, while hyperploidy of chromosome 3 was detected by FISH and missed by MLPA in 7.8% of cases. In 15.6% of cases a partial gain of the 8q arm was missed by the centromeric FISH probe while FISH detected gain or loss in 7.8% of cases, which was missed by the MLPA analysis. Chromosomes 3 and 8 were both normal in 42 of 139 patients (30.2%), and chromosomes 1, 3, 6, and 8 were normal in 19 of the 114 patients (16.7%) for whom information on all four tested chromosomes was available. The proportion of patients with a normal chromosomal status decreased with increasing AJCC stage or AJCC tumor size; chromosomes 3 and 8 were normal in 39.3% of patients with a stage I tumor, 33.3% of patients with a stage II tumor, 12.0% of patients with a stage III tumor, and in 0 patients with a stage IV tumor (Fig. 1 ). There was no significant association between normal genetic status and AJCC stages I to III (P ¼ 0.069) or tumor size T1 to T4 (P ¼ 0.13).
Chromosomal aberrations of chromosomes 1, 3, 6, and 8 were pooled and classified as either normal or abnormal. Univariate analyses evaluating loss and gain showed a significantly increased risk of melanoma-related death by both loss (hazard ratio [HR]: 8.2, 95% CI: 1.9-35.0, P ¼ 0.004) and gain (HR: 5.1, 95% CI: 1.9-13.8, P ¼ 0.001) of chromosome 8 and loss of chromosome 3 (HR: 11.5, 95% CI: 2.7-48.8, P ¼ 0.0009). Gain of chromosome 3 demonstrated a nonsignificant increased risk compared to a normal copy number (HR: 3.1, 95% CI: 0.3-34.5, P ¼ 0.35). Furthermore, there was no significant difference between the survival distributions of loss of chromosome 3 and gain of chromosome 8 compared to any abnormality of chromosomes 3 and 8 (Fig. 2) . Any abnormality of chromosomes 3 (P < 0.001) or 8 (P < 0.001) was significantly associated with poor prognosis, while abnormalities of chromosome 1 (P ¼ 0.51) and 6 (P ¼ 0.38) were not significantly associated with poor prognosis using a log-rank test.
Survival of patients in each of the four AJCC stages differed significantly (P < 0.0001). Prognostic accuracy was increased when patients were stratified for both chromosomal abnormalities and AJCC staging as demonstrated by cumulative incidence curves in Figure 3 . Only patients with a known genetic status of chromosomes 3 and 8 (139 patients) were included in the analyses, excluding one melanoma-specific death and two deaths by other causes ( Table 2 ). American Joint Committee on Cancer stage IV (two melanoma-specific deaths) was also excluded from the Cox regression analyses, leaving 27 melanoma-specific events and 39 all-cause events for study. Melanoma-related deaths were observed in 1 (2.4%) of 42 patients with a normal genetic status of chromosomes 3 and 8, and in 28 (28.9%) of 97 patients with any abnormality of chromosomes 3 and 8. Significant associations with melanomarelated death were demonstrated in Cox univariate analyses for age (HR: 1.03, 95% CI: 1.002-1.06, P ¼ 0.04), AJCC stage III tumors (HR: 20, 95% CI: 2.6-153.9, P ¼ 0.004), and aberrations of chromosome 3 (HR: 11, 95% CI: 2.5-45.1, P ¼ 0.001) and chromosome 8 (HR: 5.4, 95% CI: 2.01-14.3, P ¼ 0.0008) ( Table  3 ). In Cox multivariate analysis, AJCC stage III (HR: 11.1, 95% CI: 1.4-86.3, P ¼ 0.02) and abnormal status of chromosomes 3 (HR: 6.3, 95% CI: 1.4-28.3, P ¼ 0.02) and 8 (HR: 2.8, 95% CI: 1.03-7.8, P ¼ 0.043) remained separate significant predictors of melanoma-related death.
DISCUSSION
The AJCC staging system and genetic status for chromosomes 3 and 8 are both valuable tools when counseling patients with ciliary and choroidal melanoma on metastasis-free survival. Interestingly, we found that normal genetic status minimized Combination of AJCC Staging and Genetic Status IOVS j January 2015 j Vol. 56 j No. 1 j 440 the prognostic value of AJCC staging (Fig. 3B ), while AJCC staging provided further stratification of tumors with chromosomal abnormalities for a more accurate prediction of survival ( Fig. 3C ). To our knowledge, the reduced prognostic effect of AJCC staging among patients with a normal genetic status has not previously been described, although it has been implied for GEP, where all class 1 tumors are considered low risk regardless of clinical tumor characteristics. 19 The importance of combining clinicopathologic characteristics and genetic factors, as shown for genetically abnormal tumors in our consecutive cohort, has previously been suggested by Kivela and Kujala 19 and demonstrated in a case-control study of 116 uveal melanoma patients by Ewens et al. 13 However, the nonconsecutive design and artificial sampling of their study did not allow an evaluation of metastatic risk beyond 2 years. The population-based design of our study allowed us to evaluate the time from primary treatment to metastatic death with Cox multivariate analyses, which identified both AJCC stage III and abnormal genetic status of chromosome 3 as strong individual factors of a poor prognosis. Our study presents a well-defined cohort from a Scandinavian population, and the overall 5-year survival rate of 62% was in accordance with previous Scandinavian studies. [20] [21] [22] The consecutive series of patients from a single center rules out bias of more complicated or advanced cases that could be a problem in larger series from tertiary referral centers. In addition, the central registry in Denmark allows for a thorough follow-up. Indeed, only one patient was lost to follow-up at the time of data sampling. It has previously been shown that death by metastatic melanoma is underestimated in nonaudited registry data. 1 We therefore evaluated all histopathologic descriptions and clinical records regarding the final illness of all deceased patients in our cohort. Furthermore, histopathologic diagnosis of metastases arising from other cancers was confirmed in all cases but one. In this case, the cause of death relied on a review of clinical charts. Our findings regarding the predictive value of chromosomes 3 and 8 and AJCC stage ( Table 3 ) correlated well with results from another study by Ewens et al. 9 evaluating prognostic factors in a cohort of 320 cases. However, we were unable to demonstrate the same significant prognostic effect of chromosome 1p loss, even though the frequency of chromosome 1p loss detected in our study (23.5%) was similar to the frequency reported by Ewens et al. (18.8%). 9 Limited statistical power in our study may explain this difference, as genetic status of chromosome 1 was available only in 114 patients. The cohort study by Ewens et al. 9 also showed a significant correlation between male sex and poor survival, which was not reproduced in our data. As a larger proportion of males died from other causes in our cohort, they were censored and subsequently no longer at risk for metastatic disease. This could explain why we found that females had a statistically nonsignificant 43% greater risk of melanoma-related death than males. Deaths by other causes constituted 32% of all observed deaths in our study, and this likely contributed to bias in the effect of age and sex on survival. To address this problem we evaluated both endpoints, that is, melanoma-related death and all-cause mortality, in the statistical analyses (Table 3) . Furthermore the individual and combined prognostic effect of genetic status and AJCC staging was evaluated by cumulative incidence rates of melanoma-related death, which accounted for death by other causes as a competing risk. It has previously been demonstrated that cumulative incidence estimates of melanoma-related mortality are more accurate than Kaplan-Meier estimates in the presence of competing risks. 1 The small sample size was an important limitation of our study. We were therefore unable to provide information on survival in the different subgroups of the AJCC stages. We did, however, demonstrate a significant (P < 0.0001) and similar stratification of survival between the four AJCC stages (Fig. 3A) as previously described. 5 In addition, the small sample size did not enable us to differentiate between loss and gain of chromosomes 3 and 8. However, both loss and gain of chromosome 8 were associated with a significant elevated risk of melanoma-related death in our study. This is in accordance with previous studies in which loss of the p-arm of chromosome 8 has been associated with a poor prognosis. 9 As our results relied mostly on FISH using a centromeric probe for chromosome 8, we were, however, not able to determine the specific location of the aberrations. Gain of chromosome 3 was detected by FISH analysis in 13 tumors (9.2%), which all demonstrated a complex genotype with more than two copies of at least two of the four tested chromosomal regions. Gain of chromosome 3 has previously been demonstrated in 2% to 4% of cases. 23, 24 In our study we found a trend toward an increased risk of melanoma-related death in patients with gain of chromosome 3, though it was not significant, which might have been caused by the limited number of patients. A restricted evaluation of survival based only on loss of chromosome 3 would have excluded these 13 (9.2%) patients, subsequently making counseling and planning of follow-up for these patients difficult from a clinical point of view. In fact, of all patients with abnormal genetic status of chromosomes 3 and 8 (n ¼ 59), 20 patients did not present the genetic combination of both loss of chromosome 3 and gain of chromosome 8 but showed either gain of chromosome 3 or loss of chromosome 8. In our study these patients presented a poor survival similar to that of the patients demonstrating tumors with loss of chromosome 3 and gain of chromosome 8 ( Fig. 2) . Consequently any aberration of both chromosomes 3 and 8 identified a group of patients with a high incidence of melanoma-related mortality, while an abnormal status of only one of the two chromosomes identified a ''middle'' group with a moderately elevated incidence of melanoma-related mortality (Fig. 3D ). Furthermore, when compared to a study population with similar composition in regard to tumor size (mean largest basal diameter ¼ 12 mm, mean tumor height ¼ 5.8 mm), our study demonstrated equivalent distinction between mortality rates of normal and abnormal chromosomal status as found with GEP for class 1 and class 2 (2.4% vs. 4.6% and 28.9% vs. 28.6%, respectively). 25 The prognostic evaluation of chromosome 6 in our study was limited. A frequent occurrence of simultaneous gain of chromosome 6p and loss of 6q was detected by MLPA. The probe for FISH analysis of chromosome 6 covered the centromeric region only and could therefore miss an abnormality of either the 6p or 6q arm. Gain of chromosome 6p has previously been associated with a favorable prognosis. However, as most of the genetic data in our study were based on FISH analysis, we were not able to assess the individual effect of chromosome 6p loss.
The overall agreement between FISH and MLPA was in accordance with previous studies looking at FISH as a primary test method. 26, 27 In addition, we found that MLPA and FISH provided further information for chromosome 3 in 7.8% and 7.8% of cases, respectively, which suggests that a combination of tests could be beneficial.
The frequency of a normal genetic status in the tumors decreased with increasing tumor size and thereby increasing AJCC stage (Fig. 1) . The correlation between increasing tumor size and aberration of chromosomes 3 and 8 has previously been shown. 28 It has also been shown that tumors can be heterogeneic and that genetic aberrations could be missed with a biopsy, especially in large tumors. 29 However, a normal genetic status was identified in only three patients with a stage III tumor, and none of these patients had developed metastatic disease during follow-up ( Fig. 3B) .
American Joint Committee on Cancer staging is a validated prognostic tool for patients with choroidal and ciliary body melanoma, but information on genetic status provides addi- tional information on survival. While normal chromosomal status predicted a favorable survival, a combination of both AJCC staging and chromosomal status gave the most accurate prediction of melanoma-related death.
